
MINI-SYMPOSIUM

Fetal roots of cardiac disease
K L Thornburg, S Louey
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Heart 2005;91:867–868. doi: 10.1136/hrt.2004.047407

I
n western countries, cardiovascular disease is the leading
killer of men and women. In the past decade, it has become
increasingly clear that women are just as vulnerable to

heart disease as men. In 2004, the number of women with
some form of the disease will exceed the number of such men
in the USA (www.americanheart.org). While new medical
treatments are prolonging the lives of people with cardiovas-
cular disease, an increasing number of men and women are
living with cardiovascular limitations or outright heart
failure. The total estimated cost of cardiovascular disease in
the USA will exceed $300 billion in 2004. In the coming
decades, the disease burden that is directly attributable to
cardiovascular disease is expected to increase dramatically in
developing countries.

RISK FACTORS
The American Heart Association (AHA) has identified risk
factors that were derived from statistical associations with
the incidence of coronary disease (www.americanheart.org).
Some factors not under the control of an individual include
age, hereditary factors, and diabetes mellitus. Other risk
factors are influenced by lifestyle choices and include
smoking tobacco, sedentary lifestyle, hypertension, and blood
lipid profile. These risk factors have been enormously
valuable in emphasising prevention as a way to reduce the
morbidity and mortality of coronary atherosclerosis.
Nevertheless, many cases of heart disease remain unex-
plained. Every cardiologist sees cases of coronary artery
disease in patients with none of the AHA risk factors, and it is
well known that many individuals who have multiple risk
factors never get disease. Thus, it is not known why some
individuals are much more vulnerable for cardiovascular
diseases than others. While this uncertainty is usually
attributed to differences in genetic background, recent
population studies shed new light on other causes of disease
vulnerability.
In 1989, Barker and colleagues used birth and death

records to show the relation between birth weight and
mortality caused by ischaemic heart disease in 10 000 men
and 6000 women born between 1911 and 1930 in
Hertfordshire.1 Their studies demonstrated a profound
decrease in cardiovascular mortality with increasing birth
weight over the range of 5–9 lbs (2.3–4 kg) . This relation has
been confirmed in western and developing countries around
the world. It is now clear, after 15 intervening years of
research, that the environment in which an individual
develops has a very powerful influence on the long term
health of the cardiovascular system with a poor develop-
mental environment imparting a substantial risk for disease.
This finding goes full circle; many of the recognised risk
factors for cardiovascular disease are now known to have
their origins in early development.

PROGRAMMING
The process by which developmental stress leads to disease is
known as ‘‘programming’’. Programming is an early change
in gene expression pattern that leads to metabolic, anatomic,

and hormonal changes that impart disease vulnerability.
Each organ has a ‘‘critical window’’ during which it is
particularly sensitive to environmental insults. For example,
the kidney is most vulnerable to intrauterine stress during
the period of nephrogenesis. Intrauterine stressors that are
known to lead to the programming include undernutrition,
hypoxia, and excess glucocorticoid values.
There are three areas of programming in the cardiovascular

arena that have received special attention: endothelial
impairment, haemodynamic load, and hypoxia. There is
evidence from human studies and from animal models that
impaired endothelial function is associated with low birth
weight. For example, Martin and colleagues2 tested endothe-
lial function in nine small for gestational age infants (birth
weight 2.5 kg) at 1 week of age. Acetylcholine was
administered through the skin by iontophoresis and blood
flow increases were measured by laser Doppler methods and
compared to babies of normal weight. The small babies
showed a 2.4-fold increase in flow above baseline compared
to a 6.5-fold increase for 10 babies of normal weight. These
data suggest that low birth weight babies show signs of
endothelial dysfunction related to impaired nitric oxide (NO)
release.

ENDOTHELIAL FUNCTION
Several studies have been designed to determine whether
adults that were undergrown as fetuses have persistently
impaired endothelial function. Using forearm plethysmogra-
phy techniques, Leeson et al3 and Goodfellow et al4 both found
deficits in endothelial function using similar techniques in
young adults. McAllister et al5 found evidence of endothelial
injury in adults that were undergrown at birth based upon
increased plasma von Willebrand factor, but did not find a
deficit in the vasodilatory acetylcholine response. Hermann et
al6 found a reduced insulin stimulated glucose uptake in the
forearms of 20 year olds that were born small. Studies in
adult rats have also shown endothelial dysfunction asso-
ciated with either maternal protein restriction7 or reduced
uterine blood flow during prenatal life.8

In summary, these studies suggest that global endothelial
function is compromised in humans and animals that were
stressed during fetal life or under grown at birth. It is well
known that compromised endothelial function may lead to
increased risk for coronary disease.9 10 However, it has not yet
been shown that fetal undergrowth or nutritional deprivation
lead to coronary endothelial dysfunction as a precursor to
adult onset coronary disease.
During embryonic and fetal life, many different conditions

including a small placenta can lead to diastolic or systolic
pressure loading of the heart. The immature myocardium is
able to respond to changes in loading condition. Applying a
moderate (Pinson et al11) or severe (Barbera et al12) pressure
load to the right ventricle (RV) of the sheep fetus leads to
right ventricular thickening and improves right ventricular
function considerably. For example, an acute 20 mm Hg
increase in pulmonary arterial (PA) pressure will reduce the
stroke volume of the normal fetal right ventricle by about
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50%. However, after 7–10 days of increased mean PA pressure
by 10 mm Hg pressure, the stroke volume will be reduced by
only ,10% with the same 20 mm Hg increase. Is there a long
term cost associated with such accommodation?
Ordinarily, the ventricular myocardium grows by hyper-

plastic growth (cell replication with relatively constant
cardiomyocyte volume) from the time that the embryonic
heart is formed until the myocardium reaches a stage of
maturity where cardiomyocytes exit the cell cycle (so called
‘‘terminal differentiation’’). In sheep, rats, and mice this
phase is accompanied by the formation of a second nucleus in
each cell (binucleation). We now know that mononucleated
cells are able to proliferate but are not able to enlarge to any
great degree.13 14 On the other hand, binucleated cardiomyo-
cytes are not able to divide but can enlarge. Thus, as the
population of cells within the myocardium becomes bi-
nucleated, the generative potential of the myocardium
decreases. Loading leads to a dramatic increase in the portion
of cardiomyocytes carrying two nuclei indicating a net
reduction in the portion of cardiomyocytes that can divide.
These findings raise the question of whether the total
number of cardiomyocytes will be reduced for life.

NUMBER OF CARDIOMYOCYTES
The issue of cardiomyocyte number is of importance because
it influences the final architecture of the coronary tree. In the
immature myocardium there are many capillaries per
cardiomyocyte, but with maturation this ratio decreases; in
the mature myocardium, there is a one-to-one capillary to
myocyte ratio.15 If the number of cardiomyocytes is greatly
reduced, the size of the myocytes will be enhanced to
accommodate the size of heart that is needed to carry the
pump function of the adult individual. However, fewer large
cells mean fewer capillaries and thus a myocardium that is
potentially more vulnerable to ischaemic damage than
normal.
Do these experiments apply to the human fetus? There is

reason to believe that they do. It is well known that in severe
cases of intrauterine growth restriction, placental vascular
resistance is increased with gestational age rather than
decreased as in normal development. Thus, babies born
under intrauterine stress may develop under the influence of
an increased systolic and/or diastolic pressure load.
Li et al16 reported that adult rats that were hypoxaemic in

utero have hearts that are more vulnerable to hypoxic insults
and have fewer cardiomyocytes than controls. These data
suggest that prenatal hypoxic stress potently alters the
growth and maturation of cardiomyocytes and makes the
myocardium of the offspring more vulnerable to myocardial
dysfunction and infarction.

In summary, current data suggest that prenatal program-
ming sets the level of vulnerability for ischaemic heart
disease before birth via pressure load conditions and hypoxia,
and that these lead to abnormal myocyte maturation and
ultimately global impairment of endothelial function.
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